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Introduction
The carried-out examinations aimed at identifying properties of a twodimensional turbulent free jet basing on the results of obtained laboratory measurements, theoretical calculations, and CFD simulations carried out with the FloVent calculating application. They have been performed for the As for the comparison of the obtained laboratory and theoretical results, we had a large set of previously conducted research analyses at our disposal. Our actions focused on confirming the convergence of our own results and previously carried-out examinations by other authors. The issue of estimating how the results of the digital simulations in FloVent may be applied was the next phase of our work; however, we did not have any previous results by other scientists here. In spite of the fact that the FloVent application was created mostly for assessing the issues of ventilation, it is mainly used for engineering purposes, in analyses of air distribution assessment, heat transfer, and heat comfort.
The scope of this article makes a first phase of the research works that assume an analysis of the Coandǎ effect hysteresis and its practical application at improving the air mix in systems based on the dilution principle (WIERCIŃSKI, GROMOW 2002) .
The Coandǎ effect is named after Henri Marie Coandǎ whose research resulted in an American patent no. 2052869 "Device for Deflecting a Stream of Elastic Fluid Projected into an Elastic Fluid" in 1936 (Coanda 1936) . The discovered phenomenon was applied widely: in 1938 in the USA (Coanda 1938) , Henri Coandǎ patented a flying saucer, which he called "Aerodina Lenticulara". The constructor treated the mechanism as the one in which future applications of the discovered phenomenon would be the most important for aviation. Previously, the project has been an inspiration for constructors and scientists (HAQUE et al. 2015 , MIRKOV, RASUO 2012a .
Presently, the Coandǎ effect has found its way to many technical solutions: from ordinary tools as electric toothbrushes to sports cars or frequent uses in aviation (WIERCIŃSKI, GROMOW 2002) . The big application scale of that phenomenon is confirmed by the resources of the United States Patent and Trademark Office where the amount of 3,164 patent applications is displayed when searched for the patents applied after 1976 and referring to the keyword "Coandǎ ".
However, until proposing final solutions is possible, we have focused on an initial case for us when a two-dimensional turbulent jet of diffused air is considered. Such a jet appears very often in practical ventilation issues. For instance, it is generated by slot diffusers. In the cases where a movement of the air flowing out of a diffuser takes place in an air medium that remains in relative stillness and is not limited by surfaces of the partitions forming a room, we can talk about a turbulent free jet (SZYMAŃSKI, WASILUK 1999) . The Coandǎ effect may occur as a result of the closeness of a barrier, the angle that the jet flows, or the influence of another air jet (FAGHANI, ROGAK 2012) . Adhesion of the air jet, e.g. to the surface of a ceiling, resulting from an inducted vortex and higher vacuum on one side when dimension a does not exceed 50-30 thicknesses of the jet has been presented in the first case in Figure 1 . A similar effect may be expected when angle h is less or equal to 45 o ( Fig. 1) (RECKNAGEL et al. 1994) . By causing adhesion and sliding, the Coandǎ effect changes the designed air distribution in a room and it was usually perceived as an unfavourable phenomenon. Presently, the Coandǎ effect is used frequently in a planned way and is intended at the stage of conceptualization and implementation of air division in ventilated or air-conditioned rooms. Works by VON HOFF et al. (2012) or VALENTIN et al. (2013) may be provided here as an illustrations.
We hope that we are capable of using the potential of that phenomenon basing on the Coandǎ effect hysteresis in the construction of a diffuser. An unstable jet of air that alternatively adheres and comes unstuck of a barrier is to cause an improvement of the air mix and a decrease of speed and temperature gradients averaged in time for a room (WIERCIŃSKI, GROMOW 2002) .
Literature Review
A turbulent isothermal jet of air was subjected to the analysis. The value of Re kr = 1,200 was accepted as a limit of the laminar movement for plane slots.
Upon leaving the nozzle, the turbulent air jet starts to spread gradually which entails an increase of its cross section and a decrease of velocity. Moreover, a movement of air particles in the transverse direction towards the direction of the jet is observed in the turbulent jet, which effects in transporting the particles outside the main mass of the jet. The particles transport kinetic energy to the bordering layers of the surrounding air and grab some particles from the surrounding air towards the jet.
Four zones of the following properties may be distinguished in the air jet: Zone I: initial -characterized by the unchangeability of its axial velocity. In it, a jet core can be separated where the initial velocity is sustained. The smaller the vortices of the jet are, the longer zone is.
Zone II: transitory -a distribution of velocities characteristic for turbulent free jets is shaped in its cross-section profile. Its length depends on the construction of a diffuser.
Zone III: basic -there is a proportional decrease of its axial velocity in relation to the length from the outlet Zone IV: dominant influence of viscous forces -together with a rapid decrease of its axial velocity, the jet stops along its primary axis.
In the case of a plane jet, a decrease of its axial velocity is much smaller than in the case of a round one, which results its farther reach.
According to the information in the article by NEWMAN (1961) , the static pressure in the jet is the same everywhere, thus the jet momentum is constant regardless of a distance from the nozzle. A flow in defined length x along the jet, for a jet from the slot with width b and core velocity U, may be as well formed by a bigger slot with width b' and a lower value of velocity in the jet core U', located somewhere along the flow of the jet.
where: ρ -density, U, U' -velocity at the nozzle outlet, b, b' -width of the diffusion slot, J -value of jet momentum in relation to the width unit of the nozzle.
The value of mean velocity u in distance y from the middle of the jet depends on jet momentum J, fluid density ρ, and the x, y localization in the accepted frame of reference. When moving further from the stable area, e.g. with participation of free turbulences, it may be assumed that the change in the fluid viscosity is of no significant influence on the flow or on the large-scale vortices.
The value of localization y m:2 , for which the mean velocity measured perpendicularly to the jet axis reaches the u = 1 / 2 u m , value of a half of the maximal velocity in a given cross-section of profile velocity may be accepted as a measure of the jet spreading in a local frame of reference towards direction y, measured perpendicularly to the jet axis.
For all the x values in the accepted frame of reference, the following similarity for the profiles of velocity diffusion is accepted:
(2) u m y m:2 According to the Görtler's assumptions, it can be accepted that turbulent viscosity 4 is constant across the flow for every x value and proportional to the u m y m:2 value. The solution is formed as follows:
where: σ -constant, u m -maximal velocity value in a given section.
The above dependence occurs for the conditions when y <1.3 y m:2 ; in other cases it provides slightly too high results. The flow is not independent from slot width b until the x : b value reaches 25. The results by Bourque provide the value of σ = 12 close to the nozzle that falls down to the value of 7.5 for large x : b values. When accepting the value of σ = 7.7, we obtain: Localization of value y m:2 , for which the velocity measured perpendicularly to the jet axis reaches the u = 1 / 2 u m value of a half of the maximal velocity in a given cross-section velocity profile complies also to:
where:
Coefficient K 1 is a measure of the jet spreading ratio, and using the following dependency:
it is possible to identify a localization of a virtual origin of jet x 0 (KOTOSOVINOS 1976) . Information on localization of the virtual origin is equivocal. Some part of the researchers place it in front of the nozzle, others -behind it.
Attention should also be paid that directly behind the nozzle there is an area of the jet core, the length of which is approximately 6b, which in the case of our calculations -for a diffusion slot with the width of b = 20 mm -means that the reach of the core area is up to the length of about x 0 = 0.12 m (RAJARATNAM 1976) . In that area the dependencies indicated above will not to occur.
Description of Measuring Post
The laboratory measurements were taken at a measuring post in the laboratory of the Department of Building Engineering and Building Physics at the University of Warmia and Mazury in Olsztyn. The experimental results were performed as a part of the doctoral thesis, whose topic was "Hysteresis of the Coanda effect". Prof. Zygmunt Wierciński was the supervisor of the doctoral dissertation in the Institute of Fluid-Flow Machinery Polish Academy of Sciences. The examinations were performed in a chamber with dimensions of 385 × 200 × 229 cm where a case made of transparent Plexiglas slates was fixed on a steel rack, which eliminated influences of the external environment on the conducted experiment. The air was delivered to the system by a sucking duct, 250 mm in diameter and 530 cm in length, placed 40 cm above the floor. On its inlet, the duct was equipped with an air intake, 400 mm in diameter, with a regulated flow. The duct was also equipped with a measuring orifice plate with impulse orifices in lengths D and D/2 to measure the static pressure. The orifices were connected to a pressure transducer by elastic hoses. A diffuser in the shape of the Witoszyński nozzle with regulated cross-section was mounted on the pressing side of the ventilator. The stable height of the nozzle was h = 60 cm. The experiments were performed for the nozzle width of b = 2.0 cm.
The experimental examinations were carried out for six measuring sessions characterized by various values of airflow for the Reynolds number ranging from about 10,000 to about 38,000. The symmetry centre in the frontal plane of the diffusion orifice of the Witoszyński nozzle forms the beginning of the frame. The accepted theoretical axis of the x jet is convergent with the axis of symmetry of the aforementioned nozzle, the width of which was 0.02 mm. All the measurements were performed in plane z = 0 in the middle of the nozzle that was 0.60 m tall.
The scheme of the described measuring post has been presented in the Figure 2 below. Distributions of the arithmetical mean for the velocity and the turbulence level of a turbulent free jet were examined using a thermo-anemometer ATU 2001.
In the above measuring system, we applied a dynamic measuring net that, while assuming optimization of the measuring points, was adjusted to the varied distribution of velocities in the examined air jet. The measurements were taken in 11 measuring lines parallel to each other. Vertically, they were localized in the axis of symmetry of the air diffusion. The first measuring line was directly behind the nozzle in the minimal length of x : b = 0.5, which was allowed for by the construction of the stand of the thermo-anemometric probe. The measurement was taken in the jet core. The following measuring lines were situated every 0.10 m away from the nozzle towards direction x, until the final value of x : b = 50.0 was reached Every measuring line was characterized by is specific width resulting from the velocities identified at the measuring post. The measurements for every measuring line were carried out in a local frame of reference toward direction ±y, until the velocity values lover than 1 m/s were recorded. Table 1 contains a list of values for the ventilator capacities, the velocities at the outlet from the nozzle identified on the basis of measurements taken with the orifice plate and the hot wire, as well as the value of the Reynolds number for every measuring session. The values of the Reynolds number were calculated according to the formula:
U -velocity at the nozzle outlet, b -width of the diffusion slot, v -coefficient of kinematic viscosity.
Due to the fact that the measuring post was situated in a confined space of the laboratory room, from which the circulatory air for the measuring system was collected, it was accepted for simplicity reasons that the measuring system is an isothermal one.
Measuring Net for the Turbulent Free Jet
Using the Computational Fluid Dynamics (CFD), a digital model of the aforementioned laboratory post was created and simulations were conducted, which made it possible to examine distributions of the arithmetic mean for the velocity and turbulences of a turbulent free jet. The simulations were carried out using the FloVent application by Mentor Graphics.
The examinations were conducted for each of the six measuring sessions, for the air capacity in the system identified experimentally and for the diffusion slot b = 20 mm wide.
A measuring net consisting of about 500,000 meshes was used in the simulation. In the area where the parameters of the turbulent free jet were analysed the net was concentrated and the dimensions of a mesh were x = 5 mm, y = 20 mm, z = 30 mm (the directions according to the FloVent scheme). The dimensions of the area were x = 1.20 m, y = 0.62 m, z = 1.00 m. As for the remaining area of the measuring post, the meshes did not exceed 75 mm in every direction.
The application provides three models of turbulence: Capped LVEL, LVEL Algebraic, and LVEL K-Epsilon. The LVEL K-Epsilon model was used for the simulations as it is the one that had been verified in the largest number of engineering calculations and, according to the producer's information, it provided the best results. The model is also characterized by simplicity and stability.
The calculations were performed by a computer equipped with a CPU 2.61 GHz and 3.25 GB of RAM. The running time for a single simulation was about 2.5 hours.
Calculation Results
The calculations of the jet momentum carried out according to formula (1) provided the results: Re = 37,343 → 18.60 kg/s 2 ; Re = 27,685 → 10.42 kg/s 2 ; Re = 16,784 → 3.73 kg/s 2 ; Re = 13,983 → 2.61 kg/s 2 ; Re = 13,983 → 1.86 kg/s 2 and Re = 10,570 → 1.49 kg/s 2 . The jet momentum is a constant value, regardless of the length from the nozzle.
In order to analyse the distribution of velocities in the jet, for the diffusion slot with the width of b = 20 mm, the u m value of the maximal velocity was verified in particular measuring planes basing on the experimental data. Generally, the assumption that maximal values in particular measuring planes were within jet axis x : b = 0.0 was confirmed. The distribution of velocity was identified using formula (3). Values of the σ parameter shown in Table 2 , were accepted for calculations. In our case, the mean value of the σ coefficient out of the area of the jet core (x : b = 10.0 ÷ 50.0) was 8.10. It is a higher value than the ones given in the literature (NEWMAN 1961) . A higher accordance occurred for sessions 4, 5, and 6 that were characterized by lower values of Re = 10,000 ÷ 15,000.
The analysis of theoretical calculations and the CFD simulation of the u m values of the maximum velocity in particular measuring planes, which were obtained on the basis of laboratory measurements, indicates that the average difference in the obtained values of u m for particular measuring plates is 1.9% for comparable research methods. When comparing the results obtained by theoretical calculations and laboratory measurements, the maximal differences in the u m value of the maximum velocity did not exceed 0.7%, and the average difference was 0.2%. A comparison of the data obtained by measurements and CFD simulations provides worse results. In spite of a satisfactory mean value of deviations on the level of 3.6%, some quite huge deviations of up to 10.6% may be observed in particular profiles. The analysis of the relation between the u m value of the axial velocity in particular measuring planes and the U value at the outlet of the nozzle for selected measuring sessions is presented in Figure 3 . The course of the curve mirroring the results of the CFD simulation is unchangeable for all the measuring sessions. A very high convergence of the results obtained by laboratory measurements and theoretical calculations makes it possible to accept the convergence of the curves mirroring the results. However, they are different for particular measuring sessions. For measuring sessions with the higher values of the Reynolds number, it is visible that the results obtained by the CFD simulations are understated in the middle part of the jet. As the Reynolds number decreases, an increase in the CFD simulation results is visible for the first three measuring planes. As for the further measuring planes, understating of the obtained results of simulations is visible, as well as accordance of the results for the last two measuring sessions. In the case of the lowest values of the Reynolds number, the convergence occurs in the middle part of the jet; however, in the remaining areas, the simulation results are overstated in relation to the laboratory results and the ones obtained from theoretical calculations.
An examination of the decrease in the u m value of axial velocity in particular measuring planes may be also conducted on the basis of the following formula:
where: m -mixed number.
The value of mixed number obtained in such a way is m = 2.00 for the first measuring plane localized directly behind the nozzle at x = 0.01 m in the area of the jet core, regardless of the manner of identification of the u m axial velocity in particular measuring planes. In the next measuring plane, for x = 0.10 m, there occurs a significant decrease in the value of the m coefficient. As for the results of the CFD simulations, the value m = 0.21 was obtained, regardless of the Reynolds number. In the case of the mixed coefficient determined on the basis of laboratory examinations and theoretical calculations the following dependency is visible: as the value of the Reynolds number increases, the value of the m coefficient decreases. In the following planes, in spite of small fluctuations, the value of the m coefficient is equalized. As for the results obtained by the CFD simulations, it is m = 0.16 for all the measuring sessions. In the case of the remaining examination methods, the previously observed dependency between the values of the Reynolds number and the m coefficient is observed. The values of mixed number m for three selected measuring sessions are shown in Table 3 . The analysis of the turbulence level based on laboratory examination confirms the fact that the measurement in the first measuring plane for x : b = 0.5 is situated in the diffused air jet core. The measurements taken in the following planes indicate that the jet is shaped gradually, while the measurement in the second plane for x : b = 5.0 points out at the localization in the transitory zone of the jet. The jet spread increases together with the increase of the length from the diffuser, with the simultaneous decrease of the turbulence level. However, lacks of total similarity and fully shaped turbulence profiles are visible, which is to be obtained for our diffusion slot with the width of b = 20 mm on exceeding the length of x : b > 65.0 from the nozzle according to the rule defined by RAJARATNAM (1976) . The described dependencies are presented in Figure 4 . When examining spreading of the jet, in a local frame of reference towards the y direction measured perpendicularly to the jet axis, localization y m:2 was considered, for which the mean velocity measured perpendicularly to the jet axis reaches the u = 1 / 2 u m value for a half of the maximum velocity in a given cross-section profile of velocity. The values may be accepted as convergent ones, apart from the areas of the jet core and the transitory zone (the first two measuring planes) that were omitted in the further analysis. In the case of comparing the y m:2 localization identified on the basis of the measurement data and theoretical calculations, the average difference in the obtained coordinates is ±7 mm (y : b = 0.35). It is noteworthy that the worst matches in the studied scope occur in measuring sessions 5 and 6 (the average difference in the obtained coordinates is ±12 mm -y : b = ±0.6). The convergence of the results obtained from the laboratory measurement and the CFD simulations appears to be slightly worse. The average difference in the obtained localization coordinates towards direction y is ±8 mm (y : b = ±0.4). Regardless of the applied calculation methods, the maximum difference in the obtained localiz- A very high convergence of the y m:2 localization is visible for the results obtained by the CFD simulation. It is virtually the same for all the measuring sessions regardless of the noted various u = 1 / 2 u m values for velocity. The described dependencies are illustrated by the sample Figure 5 .
In spite of the convergence of the identified u m maximum velocity in the measuring plane situated directly behind the diffuser at x : b = 0.5, the shape of the curve illustrating the distribution of the velocity is divergent when laboratory, theoretical, and CFD simulation results are compared. This entails the fact that the localization of the u = 1 / 2 u m value for a half of the maximum velocity is also divergent. It is a result of the fact that the first measuring plane was localized in the area of the jet core, where it still was not shaped and was not convergent with the theoretical description of the jet shape. In the measuring planes at lengths of x : b > 5.0, the image of the already-shaped jet is in accordance with the theoretical assumptions (Fig. 5) ; however there is a divergence visible here for the u m values of the maximum velocity determined by the CFD simulations and the remaining methods. In the case presented on the graph, it is about 5.5%.
Basing on the identified localization of the u = 1 / 2 u m value for a half of the maximum velocity, the jet spreading angle was analysed by applying three methods of examining velocity distribution (Tab. 4). For the measuring sessions no 1, 2 and 5, the values of the jet spreading angle determined from the results of the theoretical calculations are convergent with the laboratory results. In the remaining cases, some huge divergences, up to 4 o , are visible. A general trend for a decrease of the spreading angle together with an increase of the Reynolds number is visible in the laboratory results. As for the results obtained in the CFD simulations, the value of spreading angle α = 13.1 o is obtained for all the measuring sessions.
The analysis of the virtual jet origin localization requires considering the values of coefficients K 1 and K 2 according to formulas (5) and (6) presented before. As the results of theoretical calculations and simulations are not comparable with the laboratory results for the first two measuring planes, those planes were omitted in the further analysis.
In the case of the laboratory measurements that we carried out, provided that the first two measuring planes were omitted in the analysis, the virtual jet origin was always localized behind the diffuser (K 2 < 0). The analysis of the results obtained by theoretical calculations for the first three measuring sessions indicates that the localization of the virtual jet origin is behind the nozzle; however, the remaining three cases indicate that its localization is in front of it. As for the results obtained from the CFD simulations, the virtual jet origin is located in front of the nozzle, practically in the same point each time for all the measuring sessions. Figure 6 presents those dependencies.
It is noteworthy that the results obtained by theoretical calculations correspond in the best way with the linear dependency trend of coefficients K 1 and K 2 identified on the basis of the literature data (KOTSOVINOS 1976) . The values of the K 1 jet spreading coefficient that we obtained by analysing the laboratory measurements are higher than the data from the literature (KO-TSOVINOS 1976). Fig. 6 . Dependency between coefficients K 1 and K 2 In own research, K 1 = 0.105 ÷ 0.142 and K 2 = -3.65 ÷ -1.17 for laboratory examination. In case of theoretical calculations the coefficient K 1 = 0.100 ÷ 0.126 and K 2 = -2.71 ÷ 2.47. For numerical investigations the K 1 = 0.114 while K 2 = 2.22 ÷ 2.23. Those results have a good compatibility with the literature (KOTSOVINOS 1976) referring
The obtained results of the σ parameter analysed in the context of the dependency: y m:2 : x = 0.88 : σ = 0.114 cited in formula (5) after (NEWMAN 1961) show a convergence for the area of a formed turbulent jet. In the case of measuring sessions with the lowest values of the Reynolds number, the probability of the obtained results is the highest. The thesis that the distribution of an increased value of the localization for which the mean velocity measured perpendicularly to the jet axis reaches the u = 1 / 2 u m value for a half of the maximum velocity in a given velocity cross-section profile for the analysed turbulent jets is not precisely linear, cited after (KOTSOVINOS 1976) , was also confirmed. according to which the characteristics of the distribution was presented by the author. The trend line charted for the mean results of own laboratory results is described by the formula: It diverges from the curve defined in the literature; however, attention should be paid at the fact that the analyses that we have conducted apply only to the area of x ≤ 50 b, while in the literature (KOTSOVINOS 1976 ) the area it four times longer.
Conclusions
The obtained results confirm a possibility to examine the properties of a two-dimensional turbulent free jet on the basis of the obtained laboratory measurements, theoretical calculations and CFD simulations carried out by the FloVent calculating application.
The conducted examinations did not made it possible for us to find a satisfactory answer to the question of virtual jet origin localization. The results based on digital examinations indicate that it is localized in front of the diffusion nozzle. However, the results based on the laboratory measurements and theoretical calculations do not provide an unequivocal answer indicating localizations both behind and in front of the nozzle. The obtained values of the K 1 coefficient are the most convergent with the results by Flora & Goldschmidt, Heskestad, Kotsovinos, Mih & Hoopes, or Nakaguchi cited from the literature (KOTSOVINOS 1976) .
